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DETECTION OF SMALL MOLECULES BY USE OF 
A PDEZO ELECTRIC SENSOR 



FIELD OF THE INVENTION 

The present invention is generally in the field of sensors, and concerns 
a sensing apparatus, system and method for use in detecting of small 
molecules in a sample. 

5 

PRIOR ART 

In the following description, reference will be made to several prior art 
documents shown in the lists below. These references will be referred to in 
the text by indicating the number from this list. 
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BACKGROUND OF THE INVENTION 

The linear relationship between the change in the oscillation frequency 
of a piezoelectric crystal and the mass variation on the crystal as a result of 
binding or absorption phenomena, has been used to advantage in a 
25 gravimetric monitoring of antigen-antobody binding. The mathematical 
relationship between the frequency changes of a piezoelectric crystal, Af, and 
mass changes, Am, on the crystal is given by the following Sauerbrey 
equation: 

A f = -2.3 x 10 6 fo 2 -Am/A 
30 where £, is the fundamental resonance frequency of the crystal prior to the 
^. mass variation and A is the surface area of deposited mass. For example, for a 
crystal exhibiting a fundamental frequency of 9 MHz and surface area of 
1 cm 2 , a mass-change on the crystal that corresponds to lxlO' 9 g, will 
stimulate a frequency change, A f, of 6 Hz. 
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The first analytical use of piezoelectric crystals in relation to antigen- 
antibody (Ag-Ab) interactions was reported in 1972 (,) , where a nyebar 
precoated crystal was further coated via hydrophobic interactions, with bovine 
serum albumin (BSA) and the association of the BSA-Ab to the crystal was 
monitored by the frequency changes. Since then, the piezoelectric detection of 
antigens and antibodies by piezoelectric means or the quartz crystal 
microbalance (QCM) has been adopted in a series of analytical studies.- The 
progress in this area has been reviewed by Suleiman et al, 1994< 2) and Ward 



etai, 1990 (3) 



Several patents describe the application of QCM for the analysis of 
antigens and antibodies. Physical adsorption of antigens to a crystal was used 
as I means for the detection of antigens by interacting the crystal with a 
mixture of the analyte antigen and a predetermined amount of Ab (4) . The 
decrease in the antigen concentration was inversely related to the antigen 
concentration in the sample. In two patents by Rice (56) , methods for the 
determination of Abs by QCM were disclosed. The antigen was immobilized 
on a polymer precoated crystal and the frequency changes as a result of Ab 
association related to the analyte Ab concentration in the sample. By this 
method, human IgG against honey bee venom, phospholipase A, and keyhold 
limpet hemocyanine were analyzed™. However, non-specific binding to the 
crystal interfered with the analyses. In a follow-up patent (8) , the detection of 
low molecular weight components by a pre-coated crystal with the anti-Ab 
and competitive binding assay of the Ab-low molecular weight analyte was 
described. All of these analyses were performed by treatment of the crystals in 
5 solution and subsequent frequency measurements in air. This two-step 
solution/gas procedure allows improvement of the sensitivity of the 
resonating QCM, but introduces technical complications and the interference 
of hydration/dehydration phenomena that are reflected in the frequency 
parameters. 
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Piezoelectric immunoassay^ in the liquid phase has important 
technical advantages as it allows stationary and flow analysis of aqueous 
samples. The method suffers, however, from a basic physical limitation due to 
substantially lower frequency changes of the crystal as a result of the solution 
viscosity. QCM immunoassays in solution were reported by Roederer (7) and 
addressed in a follow-up patent. The quartz crystal was modified with 
glycidoxypropyltrimethoxy silane (GOPS), and the surface-modified crystal 
was then further modified by anti-human IgG antibody and then applied for 
the piezoelectric detection of human IgG. The detection limit of the device 
was determined to be 13 ng-mf 1 . A closely related approach was adopted by 
Muramatsu et al {9) where the quartz crystals were surface-modified by 
y -aminopropyl triethoxy silane and further derivatized by protein A. The 
surface-modified crystals were then applied for the determination of human 
IgG in the concentration range lO^-lO" 2 lug-mf'. A related patent disclosed 
the piezoelectric analysis of thyroxine using a polyamide 6 polyme coating 

• ^ _r (10) 

and anti-thyroxine Ab as sensing interlace . 

Piezoelectric analysis of high molecular weight antigens such as 
microbial cells was addressed using antibody-coated quartz crystals. 
C.albicans cells in the concentration range Ixl0 6 -5xl0 8 cells-mf 1 were 
analyzed by an anti-CWz^ albicans Ab surface (U) , E.coli with an znti-E.coli 
interface^ and protein A-coated crystals acted as piezoelectric sensing 
interface for various bacteria including Salmonella, Shigella, Yersinia and 
E.colP\ Various schemes allowing efficient use of QCM in assaying 

(14) 

analy stes in a liquid media have been described in WO 97/043 1 4 . 
5 QCM techniques were used hitherto only for detection of interaction 

with substances of relatively high molecular weight, e.g. proteins and other 
macromolecules. The QCM techniques are generally considered not 
sufficiently sensitive for detection of substances of a low molecular weight. 
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GENERAL DESCRIPTION OF THE INVENTION 

The present invention has as its object the provision of an apparatus, 
system and method for detecting small assayed molecules in a sample. 

The term "detection" as used herein means to denote either or both of 
a qualitative determination of the existence of an explosive in a sample or a 
quantitative analysis of the amount or concentration of such an explosive in 
the sample. 

The term "sample" means to denote a liquid preparation which may 
either be a specimen in which an explosive is to be detected, may be a 
fractionation product which contains the explosive if present in a sample, or 
in general any preparation in which the level of explosive is indicative to the 
level of explosive in the specimen. The specimens which may be tested in 
accordance with the invention may be an original liquid specimen, e.g. 
samples withdrawn from water reservoirs, may be a soil specimens or gas 
specimens. In the case of gasses or soil specimens, these are typically first 
reacted with the liquid in a manner that at least some of the explosive 
molecules if present in the specimen will be dissolved in the liquid, typically 

an aqueous solution. 

The term "small molecule" as used herein means to denote a 
molecule having a molecular weight such that its binding to a sensing 
surface at an amount expected to be found in a sample will not give rise to a 
detectable mass change of the sensing surface. In particular, the term "small 
molecules" as used herein applies to molecules having a molecular weight 
below about 5,000 Dalton, typically below about 1,500 Dalton, at times 

even below about 500 Dalton. Specific examples of small molecules may be 

detected in accordance with the invention are explosive molecules 

including, but not limited to, DNT and TNT. 

Explosives have a relatively low volatility and accordingly, a specimen 

even if taken from the vicinity of an explosive, typically contains only a small 
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amount of such molecules. Thus, any method intended for sensing the 
presence of explosive molecules in a sample should be highly sensitive and 
adapted for detecting a small amount of explosive molecules. This may be the 
case also with respect to other types of low molecular weight molecules 
which may be assayed, such as drugs, e.g. heroin, cocaine, etc. 

The present invention provides, by a first of its aspects, an apparatus 
for detecting small assayed molecules in a sample, comprising: 
(a) a sensin, member comprising a piezoelectric crystal having at least 
one sensing surface which can interact with a. medium in contact 
therewith by either binding a first indicator agent from the medium, 
or bv releasing a. second 'indicator agent originally immobilized on 
the sensing surface into the medium; the medium being either the 
sample in which case an explosive if present causes the release of the 
second indicator agent from the at least one sensing surface, or being 
l5 a treated sample preparation obtained by reacting the sample with 

one or both of a reagent solution or sample-processing hardware, 
such that said medium comprises a first indicator agent or a second 
indicator agent-releasing species at a concentration of said agent or 
species which is in correlation to the concentration of the explosive 
20 in the sample, the binding or release resulting in a change of mass of 

the sensing surface; 

(b) a testing cell for holding said medium and bringing it into contact 
with said at least one sensing surface; and 

(c) an electric or electronic utility for inducing vibrations in the 
25 piezoelectric crystal and measuring resonance frequency thereof, a 

change in resonance frequency after contact between the sensing 
surface and the medium, indicating presence of the explosive in the 
sample. 
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The invention also provides a method for detecting a small molecule 
in a sample, comprising: 

C a) providing a sensing member comprising a piezoelectric crystal 
having at least one sensing surface which can interact with a medium 
in contact therewith by either binding a first indicator agent from the 
medium, or by releasing a second indicator agent originally 
immobilized on the sensing surface into the medium; 
Cb) contacting the at least one sensing surface with a medium being 
either the sample in which case the assayed molecule if present 
causes the release of the second indicator agent from the sensing 
surface or being a treated sample preparation obtained by reacting 
the sample with one or both of a reagent solution or 
sample-processing hardware, such that said medium comprises a first 
indicator agent or a second indicator agent-releasing species, at a 
concentration of said agent or species which is in correlation to the 
concentration of the assayed molecule in the sample, the binding or 
release resulting in a change of mass of the sensing surface; 
(c) inducing vibrations in the piezoelectric crystal and measuring 
resonance frequency thereof; and 
20 (d ) determining whether a change in resonance frequency after contact 
between the sensing surface and the medium occurred, such change 
indicating presence of the assayed molecule in the sample. 
In accordance with a preferred embodiment of the invention the 
small molecule is an explosive. Particular, non-limiting examples of 
25 explosives are dinitrdtoluene (DNT) and 2,4,6-trinitrotoluene (TNT). 

The apparatus of the invention may be designed to provide an 
all-or-none response, namely an indication whether the assayed small 
molecule is present in the sample. Alternatively, the apparatus may also be 
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used and designed to provide a quantitative response, namely a response 
that depends on the level of the assayed molecule in the sample. 

In accordance with one embodiment of the invention, said at least 
one sensing surface carnes capturing agents which bind to neutralizing 
5 agents at an assayed molecule-binding domain thereof. In accordance with 
this embodiment, the sensing member is contacted with a medium winch 
contains capturing agents at a concentration which inversely reflects the 
concentration of the assayed molecules in the sample. In accordance with 
this embodiment, the sample is first contacted with a reagent solution 
10 comprise the neutralizing agents which then bind the assayed molecules if 
such are in the sample. This treated preparation is then brought into contact 
with the at least one sensing surface. The neutralizing agents, bound to the 
assayed molecules, are not any more free to bind to the capturing agents. 
Thus where the sample is free from the assayed molecules, a relatively 
15 large number of neutralizing agents will be free to bind to the capturing 
agents on the at least one sensing surface. Where the sample contained the 
assayed molecules, there will be less neutralizing agents free to bind to the 
capturing agents. Thus, a decrease in the resonance frequency, indicative of 
increased immobilized mass on a surface, is a reverse indication of the 
20 presence of the assayed molecule in the sample: a relatively large decrease 
in resonance frequency indicates absence or little concentration of the 
assayed molecules in the sample, and no or only a little decrease indicates 
existence of the assayed molecule in the sample. The extent of decrease m 
resonance frequency versus control can be used as inverse indication of the 
25 concentration of the assayed molecule in the sample. The capturing agents 
- are typically residues or moieties of the assayed molecules and the 
neutralizing agents may comprise first antibodies which have a relatively 
high specific binding affinity to the assayed molecules. 
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The term "antibody" as used herein is meant to encompass 
antibodies of various kinds including, but not limited to IgG or IgM 
antibodies which may be polyclonal or monoclonal (mAb). In addition, the 
term "antibody" encompasses also various derivatives of antibodies which 
include the antigen-binding domain of the antibody. Such derivatives may 
include Fc-less antibodies (antibodies devoid of the constant region), single 
chain antibodies, constructs comprising only the variable region of the 
antibodies, etc. 

In accordance with another embodiment of the invention, the at least 
one sensing surface carries residues or moieties of the assayed molecules 
bound to first antibodies, which competitively bind to soluble assayed 
molecules in a medium which comes into contact with the at least one 
sensin a surface. In the presence of the assayed molecule in said medium the 
antibodies are released from the at least one sensing surface to bind the 
5 assayed molecules. An assay where an apparatus in accordance with this 
embodiment is used, involves an essential competition reaction between the 
assayed molecule and the capturing agent on binding to the neutralizing 
agent. In accordance with this embodiment the sample is brought into direct 
contact with the at least one sensing surface. In the presence of the assayed 
l0 molecule in the sample, neutralizing agents are released from the sensing 
surface to find to the assayed molecules in this surrounding solution. Thus, 
an increase in the resonance frequency, indicative of a reduction in mass 
immobilized on the at least one sensing surface, only indicate the presence 
of the assayed molecule in the sample. Against this, lack of change or little 
25 change in the resonance frequency indicates no or only a small amount of 
the assayed molecule in the sample. 

The first antibodies in both of the above embodiments may be bound 
or complexed with a mass-increasing agent for the purpose of amplifying 
the response. A mass-increasing agent may, for example, be a large 
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molecular complex, e.g. a protein, conjugated to the antibody, or a colloid 
particle, e.a. a gold colloid, bound to the first antibody. Such a second 
antibody may be conjugated to or complexed with other agents such as to a 
colloid particle, to a molecular complex, etc. In addition, the 
5 mass-increasing agent may, by one preferred embodiment, comprise a 
second antibody which binds to said first antibody. In addition, by another 
preferred embodiment, the mass-increasing agent, which may be any of the 
aaents mentioned above, comprises avidin or streptavidin which then binds 
J a biotin residue conjugated to the first antibody. The mass-increasing 
10 agent may be added either prior to allowing the first antibodies to bind to 
the at least one sensing surface or thereafter. Where a mass- increasing 
agent is used, the change of mass as a result of binding to release of the 
neutralizing agent will be considerably larger, and consequently there will 
be a larger signal-to-noise ratio. 
15 As stated above, the assayed molecule is typically an explosive 

molecule such as DNT or TNT. In such a case said first antibodies, which 
are typically mAbs, are preferably mAbs with the binding characteristics of 
5B3, particularly in the 5B3 mAb itself. 

The present invention further provides a system for detecting small 
20 assayed molecules in a sample which comprises the above apparatus as well 
as one or both of reagents and hardware for processing the sample or for 
introducing it into the assayed cell of the apparatus. The system typically 
has hardware components for propelling the sample into the assayed cell. 
The system may have various additional hardware and reagents which are 
25 intended for processing of the sample, for contacting the sample with 
reagents, etc. 

In accordance with one embodiment, to be referred to herein as the 
"displacement embodiment" the system comprises: 
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(a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries residues or moieties of said 
assayed molecules bound to neutralizing agents, e.g. anti-assayed 
molecule antibodies; 
5 (b) a testing cell for holding a medium and bringing it into contact with 
said at least one sensing surface, whereby in the present of the 
assayed molecules in the medium, at least some of said antibodies 
are released into the medium; 
(c) hardware for introducing the sample into the testing vessel; and 
10 (d) an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, a 
reduction in resonance frequency after contact between the sensing 
surface and the medium, indicating presence of said assayed 
molecule in the sample. 
15 In accordance with the displacement embodiment the sample is 

contacted with the sensing surface and then vibrations are induced in the 
piezoelectric crystal to measure resonance frequency. Owing to binding 
competition, where the sample comprises assayed molecules, some of the 
neutralizing agents are released and bind to the assayed molecules in the 
20 sample which results in reduction of mass of the sensing surface and thus an 
increase in the resonance frequency. Such an increase is then indicative that 
the assayed molecule is present in the sample. 

In accordance with another embodiment, to be referred to herein as 
the "competition embodiment", the system comprises: 
25 (a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries residues or moieties of the assayed 
molecules; 

(b) a reagent system comprising neutralizing agents, e.g. anti-assayed 
molecule antibodies; 
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(c) a testing cell for holding a medium and bringing it into contact with 
said at least one sensing surface, whereby in the presence of the 
assayed molecules in the medium, at least some of said antibodies 
are released into the medium; 
; (d) an arrangement for contacting the sample with said reagent system to 
obtain a treated sample preparation and for introducing the treated 
sample preparation into the testing vessel; and 
(e) an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, a 
o decrease in resonance frequency after contact between the sensing 

surface and the treated sample preparation, indicating that the sample 
is free of the assayed molecules. 

In accordance with the competition embodiment the sample is 
contacted with neutralizing agents and incubated for a time allowing the 
15 neutralizing agents to bind the assayed molecules if such are present in the 
sample. This treated sample preparation is then contacted with the at least 
one sensing surface. In the presence of the assayed molecules in the sample, 
the neutralizing agents will bind these molecules and will thus not be free to 
bind to the capturing agents. Thus, in the presence of the assayed molecules 
20 in the sample, there will be no or little change in the resonance frequency of 
the crystal. If the sample is free of the assayed molecule, the neutralizing 
agents will be free to bind to the capturing agents which will give rise to a 
significant mass increase and hence to a decrease in the crystal's resonance 
frequency. Thus, such a decrease will indicate absence of the assayed 

25 molecules from the sample. 

In accordance with another embodiment, to be referred to herein as 
the "basic filtration embodiment", the'system comprises: 
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(a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries capturing agents for binding to 

neutralizing agents; 

(b) a testing cell for holding a medium and bringing it into contact with 
5 S aid at least one sensing surface; 

(c) a reagent system comprising the neutralizing agents which can bind 
to the assayed molecules; 

(d) an arrangement for contacting the sample with the reagent system 
under condition and for a time permitting binding of the neutralizing 

10 agent to the assayed molecules, to obtain a treated sample 

preparation; 

(e) a filtration system for filtering out from said treated sample 
preparation neutralizing agents unbound to an explosive molecule to 
obtain a filtrate essentially devoid of such unbound neutralizing 

15 agents; 

(f) arrangement for transfer of said filtrate to said testing cell; and 

( g ) an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, an 
increase in resonance frequency after contact between the sensing 

20 surface and the filtrate, indicating presence of the assayed molecules 

in the sample. 

In accordance with the basic filtration embodiment, the sample is 
contacted with a neutralizing agent, typically an antibody, which can bind to 
the assayed molecules. The incubation of the sample with the neutralizing 
25 agent is contacted under conditions and for a time permitting binding of the 
- neutralizing agents to the assayed molecules thus obtaining a treated sample 
preparation. The treated sample preparation is then filtered through the 
filtration system to filter out neutralizing agents which are unbound to the 
assayed molecules so as to obtain a filtrate essentially devoid of such unbound 
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neutralizing agents. The filtrate is then contacted with the at least one sensing 
surface. Where the sample contained the assayed molecules, the neutralizing 
a2 ents will filter through the filtration system and will eventually bind to the 
at least one sensing surface resulting in a mass increase. In the absence of the 
assaved molecules from the sample, the neutralizing agents will be captured 
within the filtration system and contact of the filtrate with the sensing surface 
will not 2 ive rise to an increase in mass. Thus, a decrease in resonance 
frequency, indicative of binding of neutralizing agents to the at least one 
sensins surface, will signify presence of the assayed molecules in the sample. 

*In accordance with yet another embodiment of the invention, to be 
referred to herein as the "enzyme embodiment ", the system comprises: 
(a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries capturing agents for binding to 
neutralizing agents; 

5 (b) a testing cell for holding a medium and bringing it into contact with 
said at least one sensing surface; 
(c ) a reagent system comprising neutralizing agents which can bind to 
the assayed molecules, said neutralizing agent being conjugated to an 
enzyme which can catalyze a reaction yielding an insoluble reaction 

?o product; 

(d) an arrangement for contacting the sample with the reagent system 
under condition and for a time permitting binding of the neutralizing 
agent to the assayed molecules, to obtain a treated sample 
preparation; 

a (e) a filtration system for filtering out from said treated sample 
preparation neutralizing agents unbound to an assayed molecule to 
obtain a filtrate essentially devoid of such unbound neutralizing 
agents; 

(f) arrangement for transfer of said filtrate to said testing cell; 
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(a) an ensemble of reagents and conditions for inducing said enzyme to 

catalyze the reaction yielding the insoluble reaction product; and 
(h) an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, an 
increase in resonance frequency after contact between the sensing 
surface and the filtrate or after permitting the enzyme to catalyze said 
reaction, indicating presence of the assayed molecule in the sample. 
This embodiment is somewhat similar to that previously described, the 
difference is that there is an additional amplification sequence in which the 
enzyme is permitted to catalyze a reaction giving rise to unsoluble reaction 
products which in the presence of the assayed molecule in the sample, grve a 
higher increase in mass and hence a higher decrease in resonance frequency. 

The invention also provides, by another of its aspects, a monoclonal 
antibody designated herein as 5B3. The nucleotide sequence and the deduced 
5 amino acid sequence of the heavy and light change variable regions of the 
5B3 monoclonal antibody are depicted in Figs. 3A and 3B, respectively. An 
antigen-binding portion of an antibody can be fused (chemically or by 
creating a fused gene containing the coding sequence and expressing such a 
sequence) in a manner such that said antigen-binding portion in the resulting 
, 0 fused protein retains its antigen-binding specificity. Thus, the present 
invention encompasses in its scope any protein, particularly an antibody, 
which includes an antigen-binding portion with substantially the same 
antigen-binding specificity of the 5B3 antibody and having two cooperating 
peptide sequences being the sequences of Fig. 3 A and Fig. 3B, or of altered 
25 sequence thereof, as defined below. Such an antibody may be of any known 
- type e.g. IgM or IgG, may be a fragment of an antibody comprising the 
antigen- binding domain, e.g. Fab, an antibody without the Fc region, a single 
chain antibody, etc. 
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As will readily be appreciated by the artisan it is possible, at times, to 
alter the variable antigen-binding portion, to obtain an altered portion, by 
addin» one or more amino acid residues, deleting one or more ammo acd 
residues or replacing one or more amino acid residues by other residues, such 
5 that the altered portion retains substantially the same antigen-bmdmg 
specificity of the non-altered portion, i.e. that of me 5B3 antibody. Thus, such 
altered variable regions as well as antibodies or other constructs mcludmg 
such altered variable regions, with the altered variable region retauung 
substantial* the same antigen-binding specificity of the non-altered vanable 
10 region (namely that depicted in Figs. 3A and 3B) are also included withm the 
scope of the present invention. 

The term ••retaining substantially the same antigen-binding 
specificity" should be understood as meaning that the altered portion has the 
ability to bind an antigen (e.g. TNT or DNT) bound by the non-altered portion 
15 with an affinity which is considerably higher (typically by several orders or 
masnitude) than the affinity of binding to other antigens. Such altered portion 
may have a binding affinity to the antigen which may be about the same as 
that of the non-altered portion or with the binding affinity which may at times 
be somewhat higher or somewhat lower than that of the non-altered portion. 
20 The at least one sensing surface typically carries a metal plate made 

particularly of such metals having the capability to associate chemical with, 
attach or chemisorb a sulfur-containing moiety. The metal plates are 
preferably made of or coated by metals such as gold, platinum, silver or 
copper. Where the capturing agents are carried on metal plates these typically 
25 thus serve as a dual role of both serving as a carrying matrix for the capturing 
- agent as well as being an electrode of the piezoelectric crystal device. 

The capturing agents are typically immobilized to the metal plates by 
means of a sulfur containing moiety bound thereto, e.g. in the manner 
described in WO 97/043 14 (14) . 
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The torn "neutralizing agent" which is used herein means to denote 
an a „ent which has a specific binding affinity to the assayed molecules. In 
accordance with one embodiment the neutralizing agent is an antibody wtth a 
specific binding affinity to the assayed moiecule. The embodiment in which 
, the neutralizing agent is an antibody, typically a monoclonal antibody (mAb) 
is a preferred embodiment of the invention. However, the term " neutralizing 
a«ent" encompasses also other types of agents including, for example: a 
soluble receptor moiety containing the analyte binding domain, in which case 
the assayed molecule is said analyte; a soluble receptor moiety contanung the 
,„ binding domain of the enzymes' substrate wherein the assayed molecule is 
said substrate; and others. In addition, the neutralizing agent may also be a 
synthetic macromolecule which comprises one domain with binding affimty 
,o the assayed molecule, e.g. a binding domain derived from an anti-assayed 
molecule antibody, conjugated or fused to a macromolecular moiety, e.g. a 
15 targe polypeptide or protein. (Conjugation or fusion may be achieved, as 
town by chemical binding, by genetic engineering techniques, etc.). 

The invention will now be further illustrated in the following detailed 
description of some preferred embodiments, with reference made to the 
annexed drawings. As will be appreciated, this description is for the purpose 
20 of illustration only and is not intended to be limiting. 

BRIEF DESCRIPTION OF THE DRAWINGS: 

Fig. 1A and Fig. IB show the structure of the various haptens, being 
TOT derivatives (Fig. 1A) or DOT derivatives (Fig. IB), which were used in 
25 the embodiments described herein. 

Fig. 2A shows inhibition profiles of binding (performed by ELISA) of 
5B3 antibody to DNS-BSA (DNS coupled to BSA) in the presence of 
different inhibitors - TNT, TNp-caproic acid (TNP-cap), DNP-caproic acid 
(DNP-cap), mDNB, 2,4-DNA, DNS, 2,6-DNT and 2,4-DNP. 
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Fig. 2B shows inhibition profiles (performed by ELISA) of binding of 
5B3 antibody to TNTVFyG (TNP coupled to FyG) in the presence of different 
inhibitors - TNT, TNP-caproic acid (TNP-cap), DNP-caproic acid 
(DNP-cap), mDNB, 2,4-DNA, DNS, 2,6-DNT and 2,4-DNP. 

Fig. 3A and Fig. 3B show the nucleotide sequences and the deduced 
amino add sequences of the 5B3 heavy and light chain variable regions, 
respectively. 

Fig. 4 shows a chemical scheme of production of a sensing surface 
containins a monolayer of capturing agents. 

Fig. 5 shows the frequency changes of the crystal during its incubation 
with the cy stamine and the formation of a system in a monolayer. 

Fig. 6 shows the frequency change of the crystal during the process of 
binding of the capturing agent to the system in monolayer. 

Fig. 7 is a schematic illustration of a basic configuration of the 

5 displacement embodiment. 

Fig. 8 is a schematic, more detailed illustration of a measuring cell 
with the sensing measure in accordance with an embodiment of the invention. 

Fig. 9 shows the resonance frequency decrease of the crystal upon 
association of the anti-DNP antibodies {"DNP-Ab") to the sensing surface. 
, 0 Fig. 10 shows the crystal frequency change during incubation of the 

DNP-Ab containing layer with a medium comprising 2,4-DNT. 

Fig. 11 shows the decrease in the crystal's resonance frequency upon 
binding of the mAb 5B3 to a cystamine/3,5-dinitrosalicylic acid monolayer. 

Fi<*. 12 shows the increase in frequency of the crystal of Fig. 11 upon 
25 injection of 2,4-DNT to the cell at a concentration of 6.25 ng/ml (curves a 
and b) and 3 12 pg/ml (curve c). 

Fig. 13 shows the frequency increase upon injection of TNT at a 
concentration of 6.25 pgr/ml (curve a) and 62.5 pgr/ml (curve b), of the 
sensing member of the kind used in Fig. 12. 
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Fi a 14 shows the resonance frequency decrease of the electrode 
employed^ Fig. 13, upon recharging the monolayer wn± the 5B3 antibody. 

Fig. 15 shows the frequency increase of the electrode of Fig. 14, upon 
contact with a sample containing 6.25 pg/ml TNT. 

Fig. 16 is a schematic illustration of a configuration of the 
displacement embodiment wherein a mass-increasing agent is used. 

Fig. 17 shows the decrease in resonance frequency of a crystal, upon 
addition of biotinylated antibody to the antigen monolayer on the sensmg 
surface. 

10 Fig. 18 shows the time-dependent frequency decrease of a crystal 

charged with biotinylated antibodies, upon interaction with avidin. 

Fig. 19 shows the crystal resonance frequency increase upon exposure 
of a sensmg surface containing a DNT-antibody-avidin layer to a 2,4-DNT 
sample. 

15 Fig. 20 is a general, schematic illustration of a system in accordance 

with an embodiment of the invention. 

Fig. 21 shows the frequency change upon interaction of a capturing 
agent-comprising sensing surface with specific antibodies, in a system of the 

kind shown in Fig. 20. 
20 Fig. 22 shows the change in frequency of the crystal shown in Fig. 2 1 

upon exposure to a TNT-containing sample. 

Fig. 23 is a schematic illustration of a basic configuration of the 
competition embodiment of the invention. 

Fig. 24 illustrates a configuration of the competition embodiment, 
25 wherein use is made of a mass-increasing agent. 

Fig. 25 shows the results of an assay performed in accordance with the 
competition embodiment, upon exposure of the sensing surface to a reference 
system lacking nitrophenol (curve a), to a DNP-Ab/anti-Ab probe solution 
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la cldn« me DNP antigen (curve b) and upon exposure «o the DNP-Ab/anti-Ab 
probe solution including 3.1 x 10" 12 g of DNT (curve c). 

FW 26 shows the frequency change in a crystal of the kind of Ftg. 25 
exposed to DNP-Ab/anti-Ab probe solution mixed with 2,4-DNT (curves a 
5 and b) and exposure to a probe solution without 2,4-DNT (curve c). 

Fi. 5 27A-27C show frequency changes of a crystal (in an assay 
performed in accordance with the competition embodiment) upon exposure to 
three different DNT-isomer positive sample (curve b in the three figures) and 
in the presence of non-DNT contaminated samp!es (curves a in the three 
10 figures). 

Fi „ 28 shows the frequency changes of different electrodes wh.ch 
have been stored for 7, 15 and 28 days, in an assay performed in accordance 
with the displacement embodiment. 

Fig. 29 is a schematic illustrating of the basic filtration embodiment. 
Fig. 30 outlines a step-wise modification of a gold-sensing surface 
associate! with the quartz crystal to obtain a biotin-avidin layer. 

Fig. 31 shows the crystal resonance frequency change as a result of 
charging a biotin monolayer with avidin. 

Fig 32 shows a change in the resonance frequency of the crystal of 
20 Fig. 31 upon exposure of the sensing surface to a reference system (curve a) 
in the case of a sample containing 2,4-DNT. 

Figs. 33 and 34 are schematic illustrations of the enzyme enbodiment. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The following are some exemplary embodiments of the invention: 



1. Anti-TNT antibodies 

1.1 A nti oens/I mmunogens 
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The following TNP-proteins have been used: TNP 40 -KLH, 
TNP-BSA, TNP 2 -F r G. To simulate the antigen subsequently used on the 
QC U crystal (see below), 2,4-dinitrosalicylic acid (DNS) coupled to BSA 
was used. Coupling between the TNT, DNT and derivatives and the proteur 
was done using EDCI. The structure of TNT and derivatives as well as that of 
DNT and derivatives which were used is shown in Figs. 1A and IB. 

As immunogen, 2,4,6-trinitrophenyl (TNP) was used which after 
coupling to a protein carrier .ooks very similar to TNT. TNP was coupled to a 
carrier p'rotern (keyhold limpet hemocyanine (KLH) as immunogen or bovme 
o serum albumin (BSA) and fowl gamma globulin (FyG) as antigen), by nuxmg 
,00 mo 2 4,6-trinitrobenze sulfonic acid (TNBS) with 100 mg protem at 
02 M borate buffer P H 9.2 for 2 hours at 37°C. Following extensive dialysts 
against PBS, the TNP-proteins were filtered tough a 45 „m filter and the 
rTolar ratio of TNP per protein was determined using molar extinchon 
15 coefficient of 15,400 at 348 nm (1) . 

1.2 immunization 

, , — . , . o i ft weeks of ase were immunized 
Female BALB/c mice 8-10 weens oi a = = 

intradermally into the hind foot pads with 20 ug of TNP-KLH emulsifred 
2 Q with Complete Freund's Adjuvant (CFA). Two weeks later, mice were 
injected subcutaneously with the same amount of antigen in CFA. A week 
following this boost, mice were bled and the anti-TNP antibody titre was 
determined in their sera using ELISA (see below). One month after the 
second boost, mice showing the highest antibody titre were boosted again 
25 intraperitoneally with 10 ug TNP-KLH in PBS on days -4 and -3 prior the cell 
fusion. 

13 Pre paration of ™1 Monoclonal Antibody 
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Spleen cells of a mouse with the highest titre of binding antibodies 
(and specificity to TNT, see for detection details below) were fused with the 
NSO murine myeloma cell line as described before (Eshhar, Monoclonal 
antibody strategy and techniques. In: Hybridoma in Biotechnology and 
, M«S P nnger ) T.,ed.Pl e numPress, P .l,1985).Bnefly 5 10 spleen cells 
* were fused with 2xl0 7 NSO myeloma cells using 41% PEG for 2 nuns, at 
37o C Following removal of PEG by dilution and centrifugation, cells were 
suspended in DMEM supplemented with 10% horse serum and HAT 
selective medium and distributed into 7 microculture plates. After 12 days 
10 incubation at 37°C in 10% CO, saturated ah, 50 ^ aliquots of the hybridoma 
culture supematants were removed in duplicate, one aliquot was assayed for 
bindin- to TNP-BSA, the second was assayed similarly, but following 
preincubation in the presence of TNT (10^M). (See binding and inhibition 
assays (1.4 and 1.5 below). From 672 wells with hybridoma growth 32 
15 scored positive for TNP-BSA binding. Six out of these were inhibited by 
10" 5 M TNT, out of which a hybridoma designated 5B3 was selected. The 
TNT-specific hybridomas were cloned and subcloned for 2-3 cycles and used 
to prepare ascites fluid which served as the source for purified antibodies. 

For purification, the immunoglobulin fraction was precipitated from 
20 ascites fluids in 45% saturated ammonium sulfate, dialyzed against PBS and 
loaded on Protein-G-Agarose (Pharmacia) column. Monoclonal antibodies 
were eluted at pH 2.7, and dialyzed against PBS. Purified antibody 
preparations were stored in -70°C. The purified antibodies contained more 
than 96% active antibodies as verified by their ability to bind to antigen- 
25 columns. 

14 Ending Assay for Anti-TNT Antibodies 

Regular ELISA has been used to determine anti-TNT antibody activity. 
MicrotitJplates (Maxisorb, NUNC) were coated with antigen (TNP-BSA, 
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TNP-FyG DNS-BSA) by incubating them with 100 ul of 2-10 ug/ml anttgen 
in PBS for at least two hours in room temperature (RT). Following removal of 
antigen, plates were blocked by incubation for an hour at RT wtth PBS 
supplemented with 0.5% BSA and then washed with PBS suppiemented wrth 
- o 05% Tween-20 (PBS-Tween). Supematants or sera containing anu-TNP 
antibodies serially diluted in PBS supplemented with 0.01% PBS (100 ,1) 
W ere then added to the washed plates and after 1 hour incubation at 37»C 
antibodies were removed, plates were washed 3 times with PBS-Tween an 
,00 ul peroxidase-labded anti-mouse Fab antibodies (Jackson Labs.), dtluted 
,„ according to me manufacturer's instructions were added. Plates were 
incubated for an hour at RT, washed (x3) and a peroxidase substxate 
(2 2-azinodi-(ethylbenzmiazoline sulfonic acid) diammonium salt (ATBS, 
Stana) 1 mg/ml with 0.003% H 2 0 2 in citrate-phosphate buffer, pH 4.5) was 
added Reaction was stopped when sufficient color had been developed by the 
„ addition of 50 ul of 0.2 M ciuic acid and the OD at 620 run was determmed 
in ELISA plate reader. 

1 5 inhibition Assay 

To determine the specificity and affinity of the antibodies (from 
20 immune sera, supematants, ascites fluids or purified), antibody dilutions 
giving approx. 70% of the maximal binding were incubated with different 
concentrations of me hapten or hapten analogs for 30-60 mins. at RT. 
Mixtures of antibodies and the inhibitor (the hapten or the hapten analogs) 
were then transferred to ELISA plate coated with an antigen (DNS-BSA or 
25 TNP 2 -FyG) and the residual binding capacity was determined. The results are 
- shown in Fig.. 2A and 2B. Degree of inhibition was calculated from % 
binding of uninhibited sample minus background control. As a practical 
measure of affinity, the concentration of hapten which gave 50% mmbmon, 
(IC50), was determined. 
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! 6 rwacteristics r>f STK Antibody 

5B3, is an IgGl antibody, derived from a TNP-KLH immunized 
mouse. Some of its bmding characteristics are summarized in the following 
5 Table 1 shown,* the IC 50 of various haptens of binding of the 5B3 antibody 



to TNP-antigen 
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As can be seen in the above table, water soluble TNT inhibit its 
bindin* to TNP-antieen. 5B3 mAb has two important additional features, 
which'can also be seen in Table 1, which render it suitable for use m 
accordance with the invention: it does not bind avidly to 2,4-DNS which is 
used by some embodiments, to coat the QCM crystal, and its binding to 
either TNP or DNS antigen can be blocked by very low amounts of TNT. 
These features were indeed found to be very useful since a concentration as 
low as 6 pg of TNT could displace bound 5B3 from the QCM crystal and give 
a reproducible signal. 

o 

! 7 tynja and Proton Sequence of SB! Antibody 

cDNA was prepared from total RNA extracted from the 5B3 
hybridoma using reverse transcriptase and ohgo dT as 3' primer (Promega kit 
and protocol book for Reverse Transcription (RT)). To PGR amplify the 
15 cDNA coding for the variable region of the light chain, N5<VK2 as 5' and 
N3'VK as y oligonucleotide primers were used. For the amplification of the 
cDNA coding for the variable region of the heavy chain, N5'VH as 5' and 
N3'VH as V oligonucleotide primers were used. These oligonucleotide 

primers had the following sequences: 
20 N5'VK2 5'CCCGTCTAGAGGAGAYATYGTWATGACCCAGTCTCCA 

NV-VK 5'GTTTKATCTCGAGCTTKGTSCC 

N5'VH 5'AGGTSMARCTKCTCGAG 

N3'VH 5'TGMRGAGACGGTGACCGTRGTYCCTTGGCCCCAG 

In the above primer sequences the following letters have the following 
25 meanings: 

R = A or G K = G or T 

S = C or G W = A or T 

Y = CorT M = AorC 
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The first and the fourth of the above primers have already been 
described (Eshhur et al, PNAS, 90:720 (1993)). 

PGR amplification was performed as previously described (The 

in- Current Protocols in Molecular Biology, 
polymerase chain reaction, in. Current rruiu 

5 Vol 2. Chapter 15, John Wiley & Sons Inc., 1995). 

Nucleotide sequencing was carried out directly from the PCR 

mixtures, reading both strands and using the pnmers described above. 

Automated sequencing using the Taq Dye Deoxy Terminator cycle 

sequencing kit and the ABI PRISM™ 377 DNA Sequencer was earned out. 
10 The nucleotide sequence and the deduced ammo acid sequences of the ,B3 

heavy and light cham variable regions are shown in Fig. 3A and Fig. 3B, 

respectively. 

Preparation of a layer of capturing agents on a QCM crystal 

In all the experiments reported herein, quartz crystals (AT-cut) 
sandwiched between two gold (Au) electrodes were used, which had a 
geometrical area of about 0.2 cm 1 , with a roughness factor which vaned 
between 1.8 and 15. The crystal had a resonance frequency of around 9 MHz. 
The chemical scheme of forming the electrodes can be seen in Fig. 4. 
20 The electrodes 102, carried on crystal 100 were cleaned by incubation in 
distilled water for 15 mins. which was following by rinsing three tunes wtth 
water and drying under a stream of nitrogen. The electrodes were then 
immersed in a 0.2-0.5 M cystamine dihydrcchloride 104 solution for 2 hours, 
men introduced into distilled water for 1 5 nuns, and dried with nitrogen. Tms 
25 gave rise to formation of a cystamine monolayer 106 on electrode 102. This 
- oave rise to a resonance frequency change (Af> within the range of Af- (-200) 
(-500) Hz, as can be seen in Fig. 5, which shows the Af change with time of 
incubation in cystamine. 



2. 

15 
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2-5-Dinitrosalicylic acid was dissolved in a HEPES buffer solution 
(0.01 M, pH = 7.4) to yield a 0.15 M solution. As solubilization of 
2,5-dinitrpsalicylic acid is slow, it was assisted by sonication. 0.1 M EDC 
(l-ethyl-3-(3-dimethylamino propyl)carbodiimide and 0.1 M NaNHS 
(^-hydroxysulfosuccinimide sodium salt) were dissolved in the antigen 
solution. The cystamine-modified electrodes 106 (see Fig. 4) were incubated 
in this solution for two hours to yield an antigen-cystamine monolayer 108 
immobilized on electrode 102. This yielded a typical Af of the crystal of about 
-100 Hz (Fig. 6). 

3. Analysis of small molecules in accordance with the Displacement 
Method 

3.1 General outline of the d is placemen t embodiment 

The scheme for analysis of a small assayed molecule is illustrated 
schematically in Fig. 7. The antigen monolayer 120 is contacted with an 
antibody 122 which then binds to the antigen moieties 124 to yield an antigen- 
antibody monolayer 126. Measurement of resonance frequency at this stage 
yields a certain basic frequency £>. 

Challenging the electrode with a sample comprising antigens 128 
causes release of some of the antibodies 122 to yield a soluble antigen- 
antibody complex 130. This reduces the immobilized mass and consequently 
the frequency is increased as a result of this antibody displacement to a certain 
frequency f . The decrease in frequency is a result of and signifies the 
25 presence of the assayed molecule 128 in the medium; the extent of the 
frequency change depends on the concentration of the assayed molecule in a 
sample. 



15 



20 
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3 9 Assay A pparatus 

An assay apparatus generally designated 150 is shown schematically in 
Fie. 8. The apparatus 150 comprises a sensing member 152 and an analysis 
cell 154. The sensing member 152 consists of the quartz crystal 156 
5 sandwiched between two gold electrodes 158 and 160 which are connected 
throueh connector 162 to a control utility (not shown) for inducing current in 
electrodes 158,160 and measuring the resonance frequency of crystal 156. 

Sensing member 152 is sandwiched between two O-rings 162 and 164 
and has one electrode 160 which faces cell 154. Electrode 160 serves also as 
10 the sensing surface of sensing member 152. 

Cell 154, typically having a volume of 1 ml or less, has entry and exit 
ports 170 and 172, respectively which allow rinsing of cell 154. Inlet port 170 
is connected through duct 174 to a peristaltic pump 176 which pumps fluid 
from reservoir 178 into cell 154; outlet port 172 is connected to a duct 180 
15 which drains fluid to a drain (not shown). 

Cell 154 has also a liquid injection port 184 for injection of samples to 
be assayed. As will no doubt be appreciated, rather than injection port, the cell 
may comprise another port which will permit propelling of a liquid into the 
cell directly from a specimen sampling device (not shown). 

20 

3 3 Assaying of sam ples using apparatus of Fig. 8 

The sensing member is mounted in the cell, the cell volume is filled 
with a solution, e.g. 0.01 M phosphate buffer, pH 7.4 comprising also 
O.lMNaCl {"Nad-containing PBS"). The sensing member is allowed to 
25 equilibrate until a constant frequency of the crystal is observed. 

The sensing surface in accordance with this embodiment, where the 
neutralizing agent is an antibody, comprises an antigen-antibody monolayer. 
Electrode 160 may be provided, a priori with antibodies bound thereon, 
although alternatively, the antibody may be bound to the sensing surface 
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m*u In the latter case, an antibody solution, e.g. 50 ul of a 1 mg/ml 
antibodv solution ,s injected into me cell and permitted to incubate with the 
electrode for a time to allow binding, e.g. 15 minutes. Association of the 
antibodv to the electrode can be monitored by the decrease in the resonance 
frequency of me crystal (see Fig. 9 and the accompanying description below). 
The cell may then be rinsed with several cell volumes of a sohmon, e.g. a 
buffer sohmon, propelled by means of peristaltic pump 176. The electrode is 
then allowed to calibrate until the resonance frequency remains constant for a 
period of time. 

Samples may then be mjected into the cells. Detachment of the 
antibody from the monolayer is evidenced by a frequency increase of the 
crystal (see exemplary Fig. 10 and the accompanying description below). 
After each positive sample the cell is flushed with a buffer solution and 
allowed to re-equilibrate to reach a constant frequency. 
5 it was found that usually a single electrode can be used consecutively 

for several positive samples, e.g. three positive samples. After several positive 
samples, the antibody monolayer has to be reformed. 

In the specific example of the antibodies which will be descnbed 
below it was found that three positive 2,4-DNT samples fn the concentration 
20 range of about 0.3-7 ngtal can be analyzed with a single electrode pnor to the 
need to recharge the electrode with antibodies. With the same antibody 
interface, typically three TNT positive samples in the concentration range of 
6-65 pg/ml can be analyzed with a single electrode prior to the need for 
recharging. A single electrode can typically be recharged several tunes, e.g. 
25 tee, until me sensmg member has to be changed. I. should be noted that m 
~ typical use, most samples are expected to be negative and thus the 
requirement to occasionally recharge "the electrode or change the sensmg 
member is not a serious drawback. 
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3 4 An.lyHsnf^-DNT 

DNP-Ab was charged on the antigen monolayer as described above. 
Fi. 9 shows the crystal frequency decrease upon assertion of the anti-DNP 
anybodies (DNP-Ab) to the monolayer. To obtain full chargtng of the 
, monolayer, the electrode was interacted with the DNP-Ab for X 5 minutes. The 
cell was then rinsed with the buffer solution. 

2 4-DNT was dissolved in ethyleneglycol monomethyi ether, 100 ul 
and diluted with the NaCl-containing PBS to 1 ml. The solution was diluted 
repeatedly with the buffer solution to the desired concentration. 

injection of 2,4-DNT sample (50 & to the cell, that yields in the cell a 
concentration of 2,4-DNT of about 20 ngtal"', places the DNP-Ab. Thts 
can be seen in Fig. 10 which shows the crystal frequency changes followmg 
such injection of 2,4-DNT. A frequency increase of about Af =16 Hz was 
observed. 

35 *m1— ^ d - nNT hv IgG TTDA 5B3 " Ab 

An antigen monolayer electrode was treated for 15 mins. with the Ab. 
Fig 11 shows the crystal frequency decrease upon saturation of the 
monolayer. A decrease of about Af - -100 Hz was observed. The charged 
20 electrode was rinsed for 3 mins with the buffer solution and its resonance 

frequency was stabilized. 

50 ml of stock solution of 2,4-DNT, prepared as described under 3.4 
. was injected into the cell to yield the desired concentration. The crystal 
frequency increased by about Af = -35 Hz upon injection of 2,4-DNT to a 
25 concentration of 6.25 ng/ml into the cell, as can be seen in Fig. 12 (curve a). 

The electrode was then rinsed for three mins. with the buffer solution 
and its frequency was re-stabilized. A sample of 2,4-DNT was injected again 
into the cell to yield the sum concentration of 6.25 ng/ml. A frequency 
increase of about Af = -30 Hz was observed as can be seen in Fig. 12 
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(curve b). The electrode was rinsed again and its frequency was stabbed. A 
2 4-DNT sample was injected into the cell to yield a concentrate of 312 
pgtal. The crystal frequency increases agam by about - -15 Hz, as can be 

seen in Fig. 12 (curve c). 

this example shows that the antigen monolayer electrode charged wrth 
the Ab is reusable for at least three positive samples of 2,4-DNT. 



5.6 
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Analyj^ofTN^^ 

3 6 1 Re peated as saying of TNT 

An electrode of a sensing member was charged with Ab in an 
identical manner to that described under 3 .5 . 

A TNT stock solution was prepared similarly to the manner of 
preparation of the 2,4-DNT stock solution in Example 3.5. A 50 ml 
sample of the TNT stock solution was injected into the cell to yield a 
concentration of 6.25 pgtol in the cell. This resulted in a 
time-dependent frequency increase of up to about Af - 7 Hz (Fig. 13, 
curve a). After rinsing the cell and stabilization of the crystal 
frequency, a second sample of TNT was injected to the cell, yielding a 
concentration of 62.5 pg/ml- 1 . This resulted in a time-dependent 
frequency increase of the crystal up to about Af = 16 Hz (Fig. 13, 
curve b). 

The analysis of TNT can be repeated for at least three times 
after charging the monolayer with the Ab. 

This example demonstrates the possibility of reusing the 
electrode for at least three samples of TNT in this concentration range. 

3 62 P^harcrinP- Of tb» ™nnnWr wi th ToG TTDA 5B3-Ab 

The monolayer electrode employed for the analysis of two 
consecutive TNT samples (6.25 and 62.5 pg/mr 1 , respectively) was 
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rinsed and recharged with IgG TTDA 5B3 Ab (see Fig. 14) as 
described in Example 3.6.1. Fig. 15 shows the crystal frequency 
increase upon treatment of the electrode with a TNT sample, at a final 
concentration within the cell of 6.25 pg/ml. A frequency increase up to 

about A f = 18 Hz was observed indicating that the Ab was displaced 

from the interface as a result of the presence of TNT in the sample. 

This example demonstrates the possibility of recharging the 

electrode with the Ab and regenerating the active interface for 

TNT/DNT analysis. 

37 Am plification nf 2.4-DNT detection b v DNP-Ab 

The concept for the amplification of DNT/TNT analysis is 
schematically outlined in Fig. 16. The antigen monolayer-modified 
crystal 210 is functionalized by a biotinylated DNT/TNT -Ab 212. Avidin 214 
is further linked to the monolayer yielding an Ab-avidin complex 
monolayer 216 on the crystal. Challenging the functionalized electrode with a 
DNT/TNT antigen 218 results in the displacement of the Ab-avidin 
complex 220 from the monolayer as a result of binding to the analyte-antigen. 
The increased mass of the dissociated material from the monolayer allows the 
detection of minute quantities of displaced Ab and consequently the 
sensitivity of the analysis of DNT/TNT is enhanced. (The difference, Af, 
between the basic resonance frequency, £, and that after dissociation, f will 
increase. 

As will be appreciated, this example of assaying the explosive TNT or 
DNT is a mere illustration of the more general concept of assaying small 
molecules, which may be other explosive molecules as well as non-explosive 
molecules. 
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3.7.1 Prpparation of biotinvlated DNP -Ab 

0.5 mg of the DNP-Ab was introduced into 1 ml of the 
NaCl-containing PBS. 5 mg Biotinamidocaproate N-hydroxy- 
succinimine ester, was added to the mixture. The solution was mixed at 
room temperature for 1 hour and then dialyzed against the 
NaCl-containing PBS for 15 hours. Dialysis was performed at 0°C. 
The resulting 7.5 ml dialyzed antibody solution was concentrated to 2 
ml usine an Amicon™ (Amicon, U.S.A.) filter. 

3. 7 . 2 chargin^^ 
complex 

The antigen monolayer electrode was charged with the 
0.1 mg/ml biotmylated DNP-Ab as described in Example 3.4 After 
charging of the electrode with the Ab, the cell was rinsed with a PBS 
(0.01 M, pH = 7.4) buffer solution for 3 mins. The electrode frequency 
was then stabilized and 50 ul of a 0.01 M avidin solution in the PBS 
buffer were injected into the cell. Fig. 17 shows the crystal frequency 
changes upon association of the biotinylated Ab to the antigen 
monolayer. A frequency decrease of about Af - -50 Hz was observed. 

Fig. 18 shows the time-dependent frequency decrease of the 
crystal charged with the biotinylated Ab upon interaction with avidin. 
The crystal frequency decreases by about Af = -120 Hz, indicating the 
formation of the Ab-avidin complex on the monolayer. The resulting 
charged electrode was rinsed with PBS and the crystal frequency was 
stabilized. 

3.7.3 "f the electrode fanctionaljzedJsL&e 

Ab-avidin c ™"p1«x monolayer 

A stock solution of 2,4-DNT was prepared as described in 
Example 3.4. A 50 ml sample of the 2,4-DNT stock solution was 
injected into the cell to yield a concentratin of 2.7 ng/ml within the 
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cell. Fie. 19 shows the crystal frequency increase upon interaction of 
the electrode that contains the DNP-ab-avidin layer with the 2,4-DNT 
sample. A frequency increase of about Af - 30 Hz is observed, 
indicating the displacement of the Ab-avidin complex from the 
monolayer. 

It should be noted that a sensor of the kind used in Example 3.4 
did not show any frequency increase upon interaction with 2,4-DNT at 
a concentration of 2.7 ng/ml. The frequency increase of such a 
concentration is only observed in the presence of the biotinylated 
Ab-avkiin complex, indicating that the complexed Ab-avidin layer 
enhances the sensitivity of 2,4-DNT detection (about 10 fold 
sensitivity enhancement as compared to the DNP-Ab monolayer 
alone). 

3 8 Integrated pssav assembly 

An assembly 300 in accordance with an embodiment of the invention, 
which was used in some experiments reported below, can be seen in Fig. 20. 
The sensing apparatus 302 is provided with a sensing member 304, with a 
similar design to that of the apparatus shown in Fig. 8, and an assay cell 306. 
Sensing apparatus 304 is correctable to an oscillator circuit unit 308, these 
two components shown here, for the sake of illustration as being detached 
from one another. Apparatus 302 is included within a Faraday cage 310. 

Cell 306 is provided with a fluid inlet port 312 and a fluid outlet 
port 314 Inlet port 312 is connected to a feedbine 316 which is provided with 
a pump 320 which is under flow control of controller 322. Pump 320 can feed 
a solution, e.g. a buffer solution, from reservoir 324 into cell 306. Outlet 
port 314 is connected through ducting line 330 to fluid drain 332. 

Cell 306 is further provided with a sample inlet port 334 linked to a 
three-port injection valve fitted with a 20 ul sample-injection loop 338 



Copied from 09769360 on 09/27/2004 



-36- 



(havine a design typical to injection, loops used in liquid chromatography) 
which may be linked either to a dispenser line 340, e.g. one fitted with a 
svrinse driver 342 which is controlled by a controller 344. Alternatively, in 
another embodiment, line 340 may also be linked directly to reservoir 324. 
The syrinae (not shown) of the syringe driver 342 is typically filled with a 
buffer solution. Oscillator circuit unit 308 is connected to a QCM device 350 
linked to a. computer 352. Computer 352 is also linked to controllers 322 
and 344. 

The following are examples of experiments performed in such a 



io system. 



15 



20 



25 



3.8.1 r.hanri n g of t*™ electrode i n the micro-cell 

The electrode modified by the antigen monolayer was placed in 
the micro-cell and the cell volume (50 ul) was filled with the 
NaCl-containing PBS by pumping buffer from the buffer reservoir at a 
flow rate of 0.5 ml/min. The electrode resonance frequency was 
allowed to stabilize and the 20 ul injection loop was filled with the 0.1 
mg/ml IgG TTDA 5B3 Ab solution. The Ab solution was injected into 
the cell using the buffer solution in the syringe dispenser to drive out 
the loop content. 50 ul of the buffer solution were driven by the 
syringe dispenser at a rate of 60 ul. This volume is that required to 
drive the Ab solution from the loop and the dead volume of the 
solution in the connecting pipe into the analyzing cell volume. Fig. 21 
shows the crystal frequency changes upon charging the electrode with 
the Ab. After about 10 mins. of interaction, the electrode was fully 
charged. The Ab-charged electrode and the injection loop were washed 
for 4 mins. with a solution from the buffer reservoir, at a flow-rate of 
0.5 ml/min., and allowed to equilibrate to a constant frequency. The 
electrode was then ready for the analysis ofDNT/TNT samples. 
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3.8.2 Analysis of TN T hv the TgG TTD A 5B3 Ab-modified electrode 
in the micro-cell 

A 250 pg/ml TNT sample was prepared by the dilution 
procedure described in Example 3.6. The 20 ul loop in the injector was 
filled with the sample. The sample was injected into the cell by the 
syringe driver using 50 ul of the PBS solution throgh the loop at a 
flow-rate of 60 ul/s. As noted above, this volume is that required to 
drive the loop content into the cell and to overcome the dead volume 
of the connecting pipe. The final concentration of TNT within the cell 
was 100 pg/ml. Fig. 22 shows the time-dependent frequency changes 
of the crystal as a result of TNT interaction with the electrode. After 3 
mins. a frequency increase of about 15 Hz was observed. The 
frequency increase indicated the displacement of the antibody from the 

monolayer by the TNT. 

After completion of the TNT analysis, the injection loop and 
the cell were washed for 4 mins. with the buffer solution from the 
reservoir, at flow rate 0.5 ml/min., and the crystal frequency was 
re-stabilized, and was ready for another assay sequence. It should be 
noted that the cell and the loop do not require washing if a non- 
contaminated sample of suspected TNT is injected into the cell. 

4. Analysis according to the Competition Embodiment 

In the description below of this embodiment, specific reference will be 
made to the case where the neutralizing agent is an antibody and the assayed 
molecule is DNT or TNT. As will be not doubt appreciated this is an example 
meant to illustrate the invention and should not be construed as limiting. 
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4.1 Rasic Scheme 

The general scheme of the competition method is displayed in Fig. 23. 
The quartz crystal is modified with the DNT/TNT antigen monolayer to yield 
5 sensing member 402. A stock solution that contains the antibody 402 at a 
fixed concentration is used as the probe solution. The analyte sample 404 is 
mix ed with the probe solution. In the absence of the DNT/TNT analyte, the 
antibodv remains free, and interaction of the probe solution with the modified 
crystal results in the association of the free antibody to the anugen 
10 monolayer 406. This results in a frequency decrease of the crystal. Interaction 
of a sample that includes the DNT/TNT antigen 404 with the antibody probe 
solution yields the association 408 of the antigen to the antibody. Subsequent 
taction of the probe solution with the crystal does not yield the association 
of the antibody to the monolayer interface, as the antibody is occupied. No 
15 frequency change of the crystal will be observed. Thus, a DNT/TNT-free 
sample induces a frequency decrease of the crystal where a DNT/TNT 
positive sample does not affect the crystal frequency. It should be noted that 
preferably, the molar concentration of the antibody in the probe solution must 
be about 15% lower than the desired molar concentration limit (sensitivity) of 
20 the analysis. 

4 2 Amplification of the *™1vsis bv the romnetition embodiment 

Fig. 24 outlines the principle of the analysis of DNT/TNT through 
amplification of response obtained in the competition embodiment. The 
23 quartz crystal is modified by the DNT/TNT antigen monolayer to yield 
sensing member 420 (essentially identical to member 402 in Fig. 23). A 
solution consisting of a fixed concentration of the antibody 422 and a fixed 
concentration of the anti-antibody 424 which bind to yield conjugate 426 is 
used as a probe solution. The analyte sample is mixed with the probe solution 
30 and incubated for a sufficient time for binding, and then interacted with the 
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antiaen-modified crystal. If the analyte sample does not include DNT/TNT, . 
the Ab-anti-Ab complex of the probe solution will associate to the crystal to 
form immobilized complex 428 resulting in a frequency decrease. Mixing of a 
positive DNT/TNT sample with the probe solution will generate the 
5 antiaen-Ab-anti-Ab complex 430 in the probe solution. Interaction of this 
probe solution with the antigen-modified crystal will not affect the crystal 
frequency since the sensing Ab is occupied by the antigen. It should be noted 
that the association of the Ab-anti-Ab complex to the antigen monolayer 
results in a substantially higher frequency change as compared to that induced 
10 by the Ab alone (Example 4.1) since the mass of the associated complex is 
higher. This allows observation of the higher values of frequency changes and 
decrease of the concentration of the analyzing Ab in the probe solution. 
Decrease of the Ab concentration in the probe solution permits to detect lower 
antigen concentration and to enhance the sensitivity of sensing. 



15 



20 



25 



4.3 Ex perimental Results 

4.3.1 Assembly of the antigen mo nolayer on the quartz crystals 

The 3,5-dinitrosalicylic acid was covalently linked to a 
cystamine monolayer assembled on the Au-electrodes associated with 
the quartz crystal as described in Example 2. 

4.3.2 Antibodies used in the com p etition and amplified competition 
methods 

Mouse IgE anti-dinitrophenyl (DNP-Ab) was used as the probe 
antibody. Goat anti-mouse Fc antibodies were used as the amplifying 
anti-Ab. 

4.3.3 Anal ysis of 2. 4-r>initro pheno l {DN^ bv the competition 
method 

The configuration of the embodiment is seen in Fig. 24. 
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A stock solution of 0.3 ng/ml dinitrophenol, m NaCl-containing 
PBS was prepared. From the stock solution, 10 ul were withdrawn into 
a vial and 10 ul DNP-Ab solution from 11 x 10"'° M stock solution 
were added to the vial. The mixture was incubated for 15 mins. The 
total amount of dinitrophenol in the vial was 3.1 x 10" 12 g. The. 
resulting solution was injected into 1 ml of 0.01 M aqueous phosphate 
buffer solution, that included 0.1 M NaCl, P H - 7.4, were incubated 
with 10 ul of the 1 1 x 10- 10 M DNP-Ab solution. The resulting mixture 
was injected to the cell solution as described above and the frequency 
changes of the crystal over time were followed. This reference system 
does not include the dinitrophenol analyte. 

Fig. 25 (curve a), shows the frequency changes of the crystal in 
the reference system lacking dinitrophenol. A frequency decrease of 
about Af = -30 Hz indicates the absence of the analyte in the sample. 
With the system that includes 3.1 pg/ml dinitrophenol, a frequency 
decrease of only (-5.0)-(-8.0) Hz is observed (results not shown) 
indicating that the probe antibody is occupied. 

4.3.4 _a~1 y*« ^ 2.4-dinitrophen oLI PNP) by the amplified 
competition method 

A solution of 6.7 x 10" 6 M DNP-Ab and 6.7 x 10" 6 M anti-Ab 
was mixed and incubated for 15 mins. The solution was repeatedly 
diluted to yield a stock solution of 11 x 10" 10 M of the DNP-Ab/anti- 
Ab complex that was used as the probe Ab/anti-Ab solution. 

10 ul of a DNP stock solution in an NaCl-containing PBS was 
incubated with 10 ul of the DNP-Ab and anti-Ab stock solution for 15 
mins. The resulting mixture was injected into the cell as described in 
Example 4.3.3. 
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In a reference system, 10 ul of the phosphate buffer was mixed 
with the 10 ul of the DNP-Ab/anti-Ab stock solution and the resulting 
mixture was' injected into the cell as described in Example 4.3.3. 

Fig. 25 (curve b), shows the frequency changes of the crystal 
upon injection of the DNP-Ab/anti-Ab probe solution lacking the DNP 
anten. A frequency change of Af - -85 Hz is observed, indicating the 
association of the vacant DNP-Ab/anti-Ab to the crystal interface. 
Fis. 25 (curve c), shows the frequency changes or the crystal upon 
injection of the DNP-Ab/anti-Ab probe solution that includes 
3 1 x 10" 12 g of DNP. Only a slight frequency change of about Af - 
-12 Hz, is observed, implying that the DNP-Ab/anti-Ab complex is 
occupied by the DNP analyte. 

435 An«1 y«is of 2.4-^MT hv the a mplified competition method 
using DNP- AH and Anti-Ab as pro bes 

10 mg of 2,4-DNT were dissolved in 1 ml of ethylene 
glycolmonomethyl ether. 100 ul of this solution were diluted to 1 ml 
with a 0.01 M phosphate buffer solution, P H - 7.4, that included 0.1 M 
NaCl. This solution was repeatedly diluted to achieve the desired 
concentration of the analyte sample. 

A 100 ml of 54 x 10' 10 M solution of DNP-Ab and anti-Ab 
were mixed and incubated for 15 mins. to yield the DNP-Ab/anti-Ab 
probe solution. 

10 ul of the 2,4-DNT stock solution that included 4.39 x 1(T g 
of 2,4-DNT were mixed with 10 ul of the DNP-ab/anti-Ab probe 
solution and incubated for 15 mins. The resulting mixture was injected 
into the measuring cell that included 1 ml of the phosphate buffer. The 
frequency change of the crystal as a function of time is seen in Fig. 26, 
(curve a), showing a final minute frequency decrease of about Af = 
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-2 Hz. Fig. 26 (curve b), shows the results of a similar experiment 
performed for a second time with the same electrode. 

As reference system, 10 ul of the phosphate buffer was treated 
with 10 of the DNP-Ab/anti-Ab probe solution as described above. 
The mixture was then injected into the measuring cell as described for 
the previous examples. This system lacks the analyte antigen 
(2,4-DNT) and hence the DNP-Ab/anti-Ab complex stays vacant and 
is 'capable of binding to the antigen monolayer of the crystal. Fig. 26 
(curve c), shows the crystal frequency changes with time upon 
injection of this reference solution. The reference solution was injected 
to the same electrode that was previously employed to twice detect the 
2 4-DNT analyte samples. A frequency decrease corresponding to Af = 
-18 Hz was observed, implying that the vacant DNP-Ab/anti-Ab 
complex associates to the antigen monolayer assembled onto the 
crystal. 

Some conclusions may be drawn from this set of experiments as 
follows: 

(a) A 2,4-DNT-containing sample does not significantly 
affect the frequency of the crystal. A non-contaminated analyte sample 
stimulates a frequency change of Af = -18 Hz. Any sample showing a 
frequency change of less than Af = -5 Hz may be regarded as a 
2,4-DNT contaminated sample. 

(b) The method permits successive use of the electrode for 
2,4-DNT positive samples. A negative 2,4-DNT sample ruins the 
electrode since the sensing interface is saturated. After each negative 
sample, the sensing electrode must be exchanged. This embodiment is 
particularly useful in the case where a large proportion of the samples 
are expected to be contaminated with an explosive. 
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4 3 6 of nNT-i.somers bv the amplified competition method 

' ' 11g ina the Di Di^ a lirvlic a cid antig en monolayer and 
DNP-Ab/anti-Ab as probe 

A similar antigen-monolayer-modified crystal was examined as 
a potential sensing interface for other DNT isomers. The set of 
experiments described in Example 4.3.5 was performed for 2 : 4-DNT 
(78 pg/ml- 1 ), 1,4-DNT (94 pg.mf 1 ), 2,6-DNT (78 pg/mf 1 ) and 

3,4-DNT (75 pg/ml" 1 ), 

Figs. 27A to 27C shows the frequency changes of the crystals in 
the presence of different DNT-isomer (2,4-DNT, 1,4-DNT and 
2.6-DNT, respectively) positive samples (curves a in all these figs.). 
The frequency changes of the crystals upon their interaction with 
positive samples of the different isomers, and with the respective 
reference systems that include the vacant DNP-Ab/anti-Ab probe 
solution is shown in the following Table 2: 



Table 2 



20 



Analyte 


Concentration 
pg/ml 


AF with analyte 


AF without 
analyte 


2,4-DNT 


78 


-6 


-16 


1,4-DNT 


94 


07 


-18 


2,6-DNT 


78 


03 


- 12 



25 



The results reveal that the isomers 2,4-DNT, 1,4-DNT and 
2,6-DNT are recognized by the DNP-Ab/anti-Ab probe solution. 

A similar experiment with 3,4-DNT indicated that this isomer is 
not recognized by the DNP-Ab/anti-Ab probe solution. Thus for this 
isomer a different antibody will be required. 
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4.3.7 Stability studi e s nf the manufactured antigen-monolaver- 
modified crystal 

A series of 10 crystals that include Au-electrodes were parallel 
treated in a manner as described in Example 2. The electrodes were 
dried with an argon and stored under argon at 4°C. 

At different time intervals different electrodes were examined 
for their sensing activity of TNT as analyte and the displacement 
embodiment as the sensing procedure. The respective electrode was 
charged with the IgG TTDA 5B3 antibody and 100 pg/ml of TNT 
were injected to the cell as detailed in Example 3 . 

The frequency of the crystal was followed as a function of time 
to characterize the displacement of the antibody from the sensing 
interface. 

Figs. 28A-28C show the frequency changes of different 
electrodes which had been stored for 7 days, 15 days and 28 days, 
respectively. All of the electrodes reveal comparable activities 
indicating that the sensing interfaces on the crystals are stable in 
storage. Electrodes stored for at least 75 days under the same 
conditions retained their sensing activities. 

5. Analysis of DNT/TNT by the basic filtration embodiment 

This embodiment is outlined generally in Fig. 29. 

The quartz crystal is modified by biotin, and avidin is adsorbed to the 
base monolayer to generate the biotin-avidin sensing interface 500. A filtering 
support 502 is prepared in the form of an inert solid, coating or filtering 
material to which the antigen is linked, e.g. by covalent bonding. 

The probing antibody is modified by biotin to yield a biotin- 
functionalized antibody 504. The biotinylated antibody (Ab-B) 506 is 
solubilized at a fixed concentration to generate the probe solution. 
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For analysis of DNT/TNT in samples, the ample is first reacted with 
the antibody probe solution for a time sufficient to ensure binding between the 
antibodies and the explosive if present in the sample. The probe solution is 
then passed through or interacted with the filtering support and subsequently 
5 introduced into the measuring cell and interacted with the quartz crystal 
sensing member. As illustrated on the left side of Fig. 29, a clean analyte 
sample, lacking DNT/TNT, will result in the association of the probe 
. antibody 504 to the filtering support 502. The resulting solution introduced to 
the cell will lack the Ab-B 504 and the crystal frequency will not change. In 
10 the case of a positive. DNT/TNT, illustrated on the right side of Fig. 29, the 
antibodv will bind the DNT/TNT antigen. Interaction of the probe solution 
with the crystal results in the association of the Ab-B to the biotin-avidin 
monolayer and gives rise to frequency decrease of the crystal. 

It is to be noted that the characteristic high sensitivity of the 
15 competition embodiment is also a feature of the basic filtration embodiment. 
Additionally the sensing surface of the crystal is deteriorated only by positive 
DNT/TNT sample similarly as in the case of the competition embodiment. 
Furthermore a positive DNT/TNT sample is reflected by a frequency decrease 
in contrast to the competition embodiment where a positive test does not 
20 influence the crystal frequency. This reduces the probability of false positive 
results of the competition embodiment. 

The following are some specific examples of this embodiment. 

5.1 Mortification o f the quartz crys t al with a biotin/avidin monolayer 
25 Fig. 30 outlines the stepwise modification of the Au-surfaces 

- associated with the quartz crystal to yield the biotin-avidin layer. The 
Au-surfaces were cleaned and modified by the primary cystamine monolayer 
as described in Example 2. The cystamine-modified electrode was interacted 
with an aqueous solution of 0.01 M biotinamidocaproate N-hydroxy- 
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succinimide ester for 1 hour. The resulting biotinylated monolayer-modified 
crystal was washed, dried and introduced into the measuring cell that included 
0.01 M phosphate buffer, pH = 7.4. An avidin solution was injected into the 
cell to yield a concentration of 6.5 x 10° M in the cell to yield a biotin-avidin 
monolayer. Fig. 31 shows the resonance frequency change of the crystal with 
time as a result of the charging of the biotin monolayer with avidin. The cell 
volume was then washed with the phosphate buffer solution. The system is 
now charged for analysis of the DNT/TNT analytes. 



10 5? Pre paration nf filtering supports 

Two different types of filtering supports were prepared: 
(a) Glass capillaries, 8 cm in length, 1.5 mm in diameter, were 
filled with 0.5 M solution of 3-aminopropyltriethoxysilane in toluene and 
introduced into the same solution. The solution was heated to 85°C for 15 
15 hours. The resulting capillaries were washed with toluene and then with 
ethanol and water. The capillaries were thenfilled with an aqueous phosphate 
buffer solution, pH = 7.4, that included 0.01 M 3,5-dinitrosalicylic acid, 
0.1 M l-ethyl-3-(3-dimethylamine propyl)carbodiimide (EDC), and 0.1 M 
N-hydroxysulfosuccinimide sodium salt. The capillaries were allowed to react 
20 with this solution for 2 hours. The resulting capillaries were washed with a 
0.01 M phosphate buffer solution, pH = 7.4, and dried. 

(b) The base of a vial, 0.5 cm diameter, 1 .0 cm height, were coated 
with a gold layer by vacuum deposition. The gold surface was modified by 
the 3,5-dinitrosalicylic acid antigen monolayer by a procedure similar to that 
25 described in Example 2 for the assembly of the antigen monolayer on the 
Au-surfaces associated with the quartz crystal. 

5.3 Preparation of biotinvla ted DNP-Ab 

The DNP-Ab was modified with biotin as described in Example 3 .7. 1 . 
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Ar^ysis of 2.4-DNT bv t he com petition m ethod and filtering support 



5.4 

cartridge 



10 ul of a diluted 2,4-DNT solution, that included 0.156 ng of 2,4 
5 DNT were added to 10 ^ of a 4.2 x 10" 8 M biotinylated DNP-Ab solution 
(DNP-Ab-B). The mixture was incubated for 10 mins. and then introduced 
into the modified glass capillary. The solution was incubated in the glass 
capillary for an additional 10 mins. The solution from the capillary was then 
injected into the measuring cell, and the time-dependent frequency changes of 

io the crystal was recorded. 

As a reference system that lacks the DNT-analyte, 10 ^1 of the 
4.2 x 10" 8 M DNP-Ab-B probe solution, and the resulting mixture was treated 
in the capillary filtering column and injected into the cell in the same manner 
as above. 

15 Fig. 32 (curve a), shows the crystal frequency change upon injection of 

the reference system. No significant frequency changes was observed (Af< 
-5.0 Hz), implying that no DNP-Ab-B associated to the biotin/avidin 
monolayer-modified crystal. The results indicate that the DNP-Ab-B is 
filtered by the antigen-modified capillary. Fig. 32 (curve b), shows the 
20 frequency changes of the same crystal upon injection of the 2,4-DNT analyte 
sample. A frequency decrease of Af = -35 Hz is observed, indicating that the 
antigen-occupied DNP-Ab passes through the filtering column and associates 
to the biotin-avidin monolayer. 



25 



6. Analysis of DNT/TNT by the enzyme embodiment 

This embodiment is essentially a modification of the basic filtration 
embodiment described in Example 5 and is outlined in Figs. 33 and 34. 

The electrode on the quartz crystal 600 is modified by anti-horseradish 
peroxidase antibody (anti-HRP) 602 to generate the sensing surface for 
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HRP-Ab conjugate 604. A filtering support 608 may be a solid matrix, a 
filtering material, to which antigen 610 is linked. 

The probing antibody is modified by HRP to yield a HRP-Ab 
conjugate 612. The HRP-Ab conjugate 612 is solubilized in an aqueous 
solution yielding the probe solution. 

For analysis, a sample is first interacted with the HRP-Ab probe 
solution and incubated for a time sufficient to allow binding of the antibody to 
explosive molecules in the sample (if any). The probe solution is then passed 
through or interacted with the filtering support 608 and subsequently 
introduced into the measuring cell and allowed to interact with the modified 
quartz crystal. The case of a clean sample is illustrated on the right-hand side 
of Fig. 33, while the case of a DNT^TNT-contaminated sample is illustrated 
on the left-hand side of Fig. 33. A clean sample lacking DNT or TNT, will 
result in the association of the probe HRP-Ab to the filtering support 608 (due 
to the bioaffinity interaction between the antigen associated with the filtering 
support (an antibody that is part of the HRP-Ab conjugate). The resulting 
solution introduced to the cell will lack the HRP-Ab and the crystal's mass 
will thus not change. Consequently, there will be no resonance frequency 
change (see illustrative graph 620). 
,o A positive DNT/TNT sample will result in binding of the antigen to 

the antibody to yield conjugate 614 in the probe solution. The filtering support 
will not bind the HRP-Ab since it is associated with the DNT/TNT antigen. 
Interacting the probe solution with the crystal will then result in association of 
the HRP-Ab conjugate 614 to the anti-HRP monolayer (due to the bioaffinity 
25 interaction between anti-HRP on the surface and HRP that is part of the 
HRP-Ab conjugate). This results in a frequency decrease of the crystal (see 

illustrative graph 622). 

When the crystal carrying the anti-HRP/HRP-Ab/TNT complex 630 is 
incubated in a solution of hydrogen peroxide and 4-chloronaphthol, the HRP 
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catalyzes a reaction 632 in which this substrate (4-chloronaphthol) is oxidized 
by the hydrogen peroxide giving rise to an insoluble product which forms a 
precipitate 634 on the electrode's surface. The formation of the insoluble 
product decreases dramatically the frequency of the crystal (see illustrative 
i graph 640 in Fig. 34) that results in a significant amplification of the primary 
signal. 

The specific biocatalytic reaction, in addition to amplifying the 
primary signal, serves also as a confirmation to verify the primary signal. In 
the case of non-specific adsorption of some impurities, the secondary 

o amplified signal will not arise. Thus, the secondary decrease in the crystal's 
frequency that is biocatalyzed by the enzyme (in a specific example - HRP) 
can serve as the confirmation of the bioaffinity coupling of the HRP-Ab 
conjugate to the crystal's surface. A wrong primary frequency change 
resulting from absorption of non-catalytic active species can thus be easily 

15 discriminated. The amount of the precipitate, and hence the extent of the 
signal amplification, may be controlled by either the surface concentration of 
the HRP and by the time of the crystal incubation in the developing solution 
which contains hydrogen peroxide and 4-chloronaphthol. It is clear that the 
extent of amplification can thus be easily controlled by any one of the 

20 incubation times, e.g. the time in which the HRP is permitted to catalyze the 

developing reaction. 

Many different enzymes and respective substrates which produce 
insoluble products may be used in this embodiment. The following are some 
examples: 

25 i. Horseradish peroxidase (HRP) or microperoxidase-11, with 

several substrates including 4-chloronaphthol, 
3,3'-diaminobenzidine tetrahydro- chloride, or 3-amino-9-ethyl 
carbazol. 
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Alkaline phosphatase with the substrates: 5-bromo-4-chloro-3'- 
indolyphosphate p-toluidine or nitro-blue tetrazolium chloride. 
Glucose oxidase with the substrates: nitro-blue tetrazolium 
chloride, tetranitroblue tetrazolium. 

Galactosidase with the substrate: 5-bromo-4-chloro-D- 
galactopyranoside. 
Obvtously, as will be appreciated, in each case the surface of the 
electrode should carry the respective anti-enzyme antibody. 



11. 



111. 



IV. 
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1. 



(a) 



CLAIMS: 

Apparatus for detecting small assayed molecules in a sample, 
comprising: 

a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which can interact with a medium in contact 
therewith a by either binding a first indicator agent from the medium, 
or by releasing a second indicator agent originally immobilized on 
the sensing surface into the medium; the medium being either the 
sample in which case an explosive if present causes the release of the 
second indicator agent from the at least one sensing surface, or being 
a treated sample preparation obtained by reacting the sample with 
one or both of a reagent solution or sample-processing hardware, 
such that said medium comprises a first indicator agent or a second 
indicator agent-releasing species at a concentration of said agent or 
species which is in correlation to the concentration of the explosive 
in the sample, the binding or release resulting in a change of mass of 
the sensing surface; 

a testing cell for holding said medium and bringing it into contact 
with said at least one sensing surface; and 

an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, a 
change in resonance frequency after contact between the sensing 
surface and the medium, indicating presence of the explosive in the 
25 sample. 

2. An Apparatus according to Claim 1, wherein said assayed molecule 
is an explosive molecule. 



(b) 

20 

(C) 
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3 An apparatus according to Claim 1 or 2, wherein the degree of 
change in resonance frequency serves as a measure of the level of said 
assayed molecule in said sample. 

4. An apparatus according to Claim 1 or 2, wherein said at least one 
5 sensing surface carries capturing agents which bind to neutralizing agents at 

an assayed molecule-binding domain of the neutralizing agent. 

5. An apparatus according to Claim 4, wherein said capturing agents are 
assayed molecules residues or moieties and sa ld neutralizing agents 
comprise first antibodies which bind to the assayed molecules. 

10 6. An apparatus according to Claim 2 or 3, wherein said at least one 
sensing surface carries residues or moieties of the assayed molecules bound 
to first antibodies which can competitively bind to soluble assayed 
molecules in a medium in contact with the at lest one sensing surface, 
whereby in the presence of the assayed molecules in said medium the 

15 antibodies are released from the at least one sensing surface. 

7. An apparatus according to Claim 5 or 6, wherein the first antibodies 
are bound or complexed to a mass-increasing agent. 

8. An apparatus according to Claim 7, wherein said mass increasing 
agent comprises a second antibody which binds to said first antibody or 

20 comprise avidin or sreptavidin bound to a biotin residue conjugated to the 
first antibody. 

9. An apparatus according to any one of Claims 5-8, wherein said first 
antibodies are monoclonal antibodies. 

10. An apparatus according to Claim 7, wherein said monoclonal 
25 antibody has the binding characteristics of the 5B3 monoclonal antibody. 

~- 11. An apparatus according to Claim 8, wherein said antibody is said 
5B3 monoclonal antibody. 

12. An apparatus according to any one of Claims 1-11, wherein said 
assayed molecule is DNT or TNT. 
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13 A system for detecting small assayed molecules in a sample 
comprising an apparatus according to any one of Claims 1-12 and one or 
both of reagents and hardware for processing said sample or for introducing 
it into said cell. 

5 14. A system according to Claim 13, wherein said hardware comprises a 
flow system for propelling a medium comprising the sample into said cell. 
15 A system according to Claim 13 or 14, comprising: 

(a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries residues or moieties of said 

o assayed molecules bound to anti-assayed molecule antibodies; 

(b) a testing cell for holding a medium and bringing it into contact with 
said at least one sensing surface, whereby in the present of the 
assayed molecules in the medium, at least some of said antibodies 
are released into the medium; 

15 ( C ) hardware for introducing the sample into the testing vessel; and 

(d) an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, a 
reduction in resonance frequency after contact between the sensing 
surface and the medium, indicating presence of said assayed 

20 molecule in the sample. 

16. A system according to Claim 15, wherein said assayed molecule is an 

explosive molecule. 

17. A system according to Claim 15 or 16, wherein the anti-assayed 
molecule antibody is a monoclonal antibody. 

25 18. A system according to Claim 17, wherein the assayed molecule is 
DNT or TNT and the antibody is that designated herein as 5B3. 
19. A system according to any one of Claims 15-18, wherein the 
anti-explosive antibodies are bound to mass-increasing agents. 
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20. A system according to Claim 19, wherein said mass increasing agent 
comprises a second antibody, or an avidin or a streptavidin which bind to a 
biotin moiety conjugated to the anti-explosive antibody. 

21. A system according to Claim 13 or 14, comprising: 

5 (a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries residues or moieties of the assayed 
molecules; 

(b) a reagent system comprising anti-assayed molecule antibodies; 

(c) a testing cell for holding a medium and bringing it into contact with 
o said at teast one sensing surface, whereby in the presence of the 

assayed molecules in the medium, at least some of said antibodies 
are released into the medium; 

(d) an arrangement for contacting the sample with said reagent system to 
obtain a treated sample preparation and for introducing the treated 

15 sample preparation into the testing vessel; and 

(e) an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, a 
decrease in resonance frequency after contact between the sensing 
surface and the treated sample preparation, indicating that the sample 

20 is free of the assayed molecules. 

22. A system according to Claim 20, wherein the assayed molecule is an 
explosive molecule. 

23. A system according to Claim 22, wherein the anti-assayed molecule 
antibody is a monoclonal antibody. 

25 24. A system according to Claim 22, wherein the assayed molecule is 
DNA or TNT and the antibody is that designated herein as 5B3 . 
25. A system according to any one of Claims 21-24, comprising a 
mass-increasing agent for binding to said anti-explosive antibodies. 
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26. A system according to Claim 24, wherein said mass increasing agent 
comprises a second antibody, or an avidin or a streptavidin which bind to a 
biotin moiety conjugated to the anti-explosive antibody. 

27. A system according to Claim 13 or 14, comprising: 

5 (a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries capturing agents for binding to 
neutralizing agents; 

(b) a testing cell for holding a medium and bringing it into contact with 
said at least one sensing surface; 
10 (C ) a reagent system comprising the neutralizing agents which can bind 

to the assayed molecules; 

(d) an arrangement for contacting the sample with the reagent system 
under condition and for a time permitting binding of the neutralizing agent 
to the assayed molecules, to obtain a treated sample preparation; 
15 (e) a filtration system for filtering out from said treated sample 
preparation neutralizing agents unbound to an explosive molecule to obtain 
a filtrate essentially devoid of such unbound neutralizing agents; 

(f) arrangement for transfer of said filtrate to said testing cell; and 

(g ) an electric or electronic utility for inducing vibrations in the 
20 piezoelectric crystal and measuring resonance frequency thereof, an 

increase in resonance frequency after contact between the sensing 
surface and the filtrate, indicating presence of the assayed molecules 
in the sample. 

28. A system according to Claim 27, wherein the assayed molecule is an 
25 explosion molecule. 

^ 29. A system according to Claim 27 or 28, wherein said neutralizing 
agent is an anti-explosive antibody. 

30. A system according to Claim 29, wherein said antibody is a 
monoclonal antibody. 
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31. A system according to Claim 30, wherein the assayed molecule is 
DNT or TNT and the monoclonal antibody is that designated herein as 5B3. 

32. A system according to any one of Claims 27-31, wherein said 
filtration system comprises immobilized residues or moieties of molecules 
of the assayed molecule. 

33. A system according to any one of Claims 27-32, wherein said 
neutralizing agent is conjugated to a moiety which binds to said capturing 
agents. 

34. A system according to Claim 33, wherein said moiety is a biotin 
residue and said capturing agent is avidin or streptavidin. 

35. A system according to Claim 13 or 14, comprising: 

(a) a sensing member comprising a piezoelectric crystal having at least 
one sensing surface which carries capturing agents for binding to 
neutralizing agents; 

(b) a testing cell for holding a medium and bringing it into contact with 
said at least one sensing surface; 

(c ) a reagent system comprising neutralizing agents which can bind to 
the assayed molecules, said neutralizing agent being conjugated to an 
enzyme which can catalyze a reaction yielding an insoluble reaction 
product; 

(d) an arrangement for contacting the sample with the reagent system 
under condition and for a time permitting binding of the neutralizing 
agent to the assayed molecules, to obtain a treated sample 
preparation; 

5 (e) a filtration system for filtering out from said treated sample 
preparation neutralizing agents unbound to an assayed molecule to 
obtain a filtrate essentially devoid of such unbound neutralizing 
agents; 

(f) arrangement for transfer of said filtrate to said testing cell; 
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(„) an ensemble of reagents and conditions for inducing said enzyme to 
catalyze the reaction yielding the insoluble reaction product; and 

(h) an electric or electronic utility for inducing vibrations in the 
piezoelectric crystal and measuring resonance frequency thereof, an 
increase in resonance frequency after contact between the sensing 
surface and the filtrate or after permitting the enzyme to catalyze said 
reaction, indicating presence of the assayed molecule in the sample. 
36 . A system according to Claim 35, wherein the assayed molecule is an 

explosive molecule. 
10 37. A system according to Claim 35 or 36, wherein said neutralizing 

agent is an anti-explosive antibody. 

38 . A system according to Claim 37, wherein said antibody is a 
monoclonal antibody. 

39. A system according to Claim 38, wherein the assayed molecule is 
DNT or TNT and the monoclonal antibody is that designated herein as 



15 

5B3. 
40. 



A system according to any one of Claims 36-39, wherein said 
filtration system comprises immobilized residues or moieties of the assayed 
molecules. 

20 41. A system according to any one of Claims 36-40, wherein said 
capturing agent is an immobilized antibody which binds a moiety of said 
enzyme, such binding not interfering with the catalytic activity of said 
enzyme. 

42 A system according to any one of Claims 35-41, wherein said 
25 enzyme is selected from the group consisting of horseradish peroxidase, 
^ microperoxidase, alkaline phosphatasae, glucoseoxidase and galactosidase. 
43. A method for detecting a small assayed molecule in a sample, 
comprising: 



Copied from 09769360 on 09/27/2004 



(a) providing a sensing member comprising a piezoelectric crystal 
having at least one sensing surface which can interact with a medium 
in contact therewith by either binding a first indicator agent from the 
medium, or by releasing a second indicator agent originally 
immobilized on the sensing surface into the medium; 
3 (b) contacting the at least one sensing surface with a medium being 
either the sample in which case the assayed molecule if present 
causes the release of the second indicator agent from the sensing 
surface, or being a treated sample preparation obtained by reacting 
the sample with one or both of- a reagent solution or 
sample-processing hardware, such that said medium comprises a first 
indicator agent or a second indicator agent-releasing species, at a 
concentration of said agent or species which is in correlation to the 
concentration of the assayed molecule in the sample, the binding or 
15 release resulting in a change of mass of the sensing surface; 

(c) inducing vibrations in the piezoelectric crystal and measuring 
resonance frequency thereof; and 

(d) determining whether a change in resonance frequency after contact 
between the sensing surface and the medium occurred, such change 

20 indicating presence of the assayed molecule in the sample. 

44. A method according to Claim 32, wherein said small molecule is an 
explosive. 

45. A method according to Claim 44, wherein said explosive is DNT or 
TNT. 

25 46. A method according to any one of Claims 43-45, wherein the degree 
of change in resonance frequency serves as a measure of the level of said 
molecule in said sample. 

47. A method according to Claim 43 , comprising: 
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(a) providing a sensing member comprising a piezoelectric crystal 

having at least one sensing surface which carries residues or moieties 
of the assayed molecules bound to anti-assay ed molecule antibodies; 

(b) contacts the sample with the at least one sensing surface; 

5 (c) inducing vibrations in the piezoelectric crystal and measuring 
resonance frequency thereof; and 
(d) determining whether there occurred an increase in resonance 
frequency after contact between the sensing surface and the medium, 
such increase indicating presence of the assayed molecule in the 

10 sample. 

48. A method according* Claim 47, wherein the assayed molecules are 
explosive molecules. 

49. A method according to Claim 47 or 48, wherein the anti-explosive 
antibody is a monoclonal antibody. 

15 50. A method according to Claim 49, wherein the assayed molecule is 
DNT or TNT and the antibody is that designated herein as 5B3. 

51. A method according to any one of Claims 47-50, comprising binding 
a mass increasing agent to the antibodies. 

52. A method according to Claim 51, wherein said mass increasing agent 
20 comprises a second antibody, or an avidin or a streptavidin which bind to a 

biotin moiety conjugated to the anti-assayed molecule antibody. 

53. A method according to Claim 43, comprising: 

(a) providing a sensing member comprising a piezoelectric crystal 

having at least one sensing surface which carries residues or moieties 
25 of the assayed molecules; 

(b) contacting the sample with anti-assayed molecule antibodies and 

incubating for a time allowing'the antibodies to bind to the assayed 
molecules if present in the sample, to yield a treated sample 
preparation; 
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(c) contacting the treated sample preparation with the at least one sensing 

surface; 

(d) inducing vibrations in the piezoelectric crystal and measuring 
resonance frequency thereof; and 

5 (e) determining whether there occurred a decrease in resonance 
frequency after contact between the sensing surface and the treated 
sample preparation, such decrease indicating presence of the assayed 
molecule in the sample. 

54. A method according to Claim 53, wherein the assayed molecule is an 

!0 explosive molecule. 

55. A method according to Claim 53 or 54, wherein the anti-assayed 

moelcule antibody is a monoclonal antibody. 

56. A method according to Claim 55, wherein the assayed molecule is 
DNT or TNT and the antibody is that designated herein as 5B3. 

15 57. A method according to any one of Claims 53-56, comprising binding 
a mass-increasing antibody to the anti-explosive antibody. 
58. A method according to Claim 57, wherein said mass increasing agent 
comprises a second antibody, or an avidin or a streptavidin which bind to a 
biotin moiety conjugated to the anti-explosive antibody. 

20 59- A method according to Claim _43, comprising: 

(a) providing a sensing member comprising a piezoelectric crystal 
having at least one sensing surface which carries capturing agents for 
binding to neutralizing agents; 

(b) contacting the sample with neutralizing agents which can bind to the 
25 assayed molecules under condition and for a time permitting binding 

of the neutralizing agents the to the assayed molecules, to obtain a 
treated sample preparation; 

(c) filtering the treated sample preparation through filtration system to 

filter out neutralizing agents unbound to the assayed molecules to 
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obtain a filtrate essentially devoid of such unbound neutralizing 
agents; 

(d) contacting said filtrate with the at least one sensing surface; 

(e) inducing vibrations in the piezoelectric crystal and measuring 
5 resonance frequency thereof; and 

(f) determining whether there occurred a increase in resonance 

frequency after contact between the sensing surface and the treated 
sample preparation, such increase indicating presence of the assayed 
molecules in the sample. 
10 60. A method according to Claim 59, wherein the assayed molecules are 

explosive molecules. 

61. A method according to Claim 59 or 60, wherein said neutralizing 
agent is an anti-explosive antibody. 

62. A method according to Claim 61, wherein said antibody is a 

15 monoclonal antibody. 

63. A method according to Claim 62, wherein the assayed molecule is 
DNT or TNT and the monoclonal antibody is that designated herein as 5B3. 

64. A method according to any one of Claims 59-63, wherein said 
filtration system comprises immobilized residues or moieties of molecules 

20 of the explosive. 

65. A method according to any one of Claims 59-64, wherein said 
neutralizing agent is conjugated to a moiety which binds to said capturing 
agents. 

66. A method according to Claim 65, wherein said moiety is a biotin 
25 residue and said capturing agent is avidin or streptavidin. 

67. A method according to Claim 43, comprising: 

(a) providing sensing member comprising a piezoelectric crystal having 
at least one sensing surface which carries capturing agents for 
binding to neutralizing agents; 
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(b) contacting the sample with neutralizing agents which can bind to the 
assayed molecules, said neutralizing agent being conjugated to an 
enzyme which can catalyze a reaction yielding an insoluble reaction 
product, for a time permitting binding of the neutralizing agent to the 
assayed molecules, to obtain a treated sample preparation; 
' (c) filtering the treated sample preparation through filtration system to 
filter out neutralizing agents unbound to the assayed molecules to 
obtain a filtrate essentially devoid of such unbound neutralizing 
asents; 

10 (d) contacting said filtrate with the at least one sensing surface; 

(e) applying condition permitting the enzyme .to catalyze the production 

of the insoluble reaction product; 

(f) inducing vibrations in the piezoelectric crystal and measuring 

resonance frequency thereof; and 
13 ( g ) determining whether there occurred a decrease in resonance 
frequency after contact between the sensing surface and said filtrate 
or after application of said conditions, such decrease indicating 
presence of the assayed molecules in the sample. 

68. A method according to Claim 67, wherein the assayed molecule is an 

20 explosive molecule. 

69. A method according to Claim 67 or 68, wherein said antibody is a 

monoclonal antibody. 

70. A method according to Claim 69, wherein the assayed molecule is 
DNT or TNT and the monoclonal antibody is that designated herein as 5B3 

25 71. A method according to any one of Claims 68-70, wherein said 
- filtration system comprises immobilized residues or moieties of said assayed 
molecule. 

72. A method according to any one of Claims 68-71, wherein said 
capturing agent is an immobilized antibody which binds a moiety of said 
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enzyme, such binding not interfering with the catalytic activity of said 
enzyme. 

73. A method according to any one of Claims 68-72, wherein said 
enzyme is selected from the group consisting of horseradish peroxidase, 

5 microperoxidase, alkaline phosphatasae, glucoseoxidase and galactosidase. 
74 A protein comprising an antigen-binding portion having two 
cooperating peptide sequences of Fig. 3A and Fig. 3B or an altered portion 
where at least one of the peptide sequences is an altered sequence, being a 
sequence of Fig. 3 A or 3B in which one or more amino acid residue has 

10 been added, deleted or replaced by another amino acid residue, with the 
altered portion retaining substantially the same antigen-binding specificity 
as a non-altered portion. 

75. A protein according to Claim 74, being an antibody or a fragment of 
an antibody. 

15 76. A protein according to Claim 75, being a monoclonal antibody. 

77. A protein having an antigen-binding portion having substantially the 
same antigen binding specificity of the construct according to any one of 
Claims 74-76. 

78. A protein according to Claim 77, being an antibody or a fragment of 
20 an antibody. 

For the At^plicants, 

REINHOLD COHN AND PARTNERS 

By: / 
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